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Fig. 1. Adhesion (A) and invasion (B) of NTHi375 to human nasal
(RPMI 2650), nasopharynx (Detroit 562), bronchial (H-292) and
alveolar (A549) epithelial cells. NTHi375 strain was used to infect cells
with a multiplicity of infection (MOI) of ~100:1 during 30 (A) or 120 min
(B). For invasion assays, gentamicin 200 µg/ml was used for 1 h to kill
extracellular bacteria.
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Nontypable Haemophilus influenzae (NTHi) is a commensal of the human nasopharynx and also an opportunistic pathogen, being a major cause of respiratory infections. Evidence indicates that NTHi is highly adapted to the human airways,
and endowed with genes present in all isolates analysed to date encoding surface proteins likely to be involved in this host-pathogen interface. However, NTHi interplay with upper and lower airways cells, and the specific and relative
contribution of its outer membrane proteins to colonization and/or virulence properties of this pathogen have not been comprehensively addressed.
In this study, we systematically compared NTHi infection of nasal, nasopharyngeal, bronchial and alveolar epithelial cells, which revealed significant differences in NTHi ability to adhere to- and invade this range of cell types. Moreover, we
focused on the outer membrane proteins P5 and Hap, and carried out a systematic phenotypic study on isogenic single and double mutants of the genes ompP5 and/or hap generated on the pathogenic strain NTHi375. By using well
established in vitro cultured cells and in vivo infection model systems, we assessed P5 and Hap relative contribution to NTHi biofilm formation, colonization of nasal and nasopharynx epithelium, infection of bronchial and alveolar epithelium,
interplay with alveolar macrophages, and murine pulmonary infection. Although ompP5 and hap do not contribute to bacterial biofilm growth, P5 plays a prominent role in NTHi interplay with nasal cells, type II pneumocytes, and alveolar
macrophages, and also in NTHi mouse lung acute infection. Mechanistically, P5-host interplay does not seem to be mediated by P5 binding to the host cell receptors CEACAM-1 or α5 integrin. Conversely, Hap involvement in NTHi375 interplay
with the above mentioned cell types was shown to be limited, despite its ability to promote bacterial cell adhesion when expressed in the heterologous strain H. influenzae Rd KW20. Altogether, this work provides a context for the relative
importance of Hap and P5 outer membrane proteins to a range of phenotypic traits, providing a greater understanding of their contribution to NTHi interplay with the host.
Fig. 5. A549 cells were left untreated, or were pretreated with the
blocking anti-α5 P1D6 antibody or the synthetic peptide RGD, to assess
bacterial binding to α5 integrin. To assess bacterial binding to eukaryotic
glycosylated molecules, cells were treated with tunicamycin or
concavalinA before infection. NTHi adhesion was monitored after a 30
min infection.
Generation and characterization of single and double NTHi mutant strains defective in the outer membrane proteins P5 and Hap
Fig. 3. Adhesion (A and C) and invasion (B and D) of NTHi375 (WT),
∆ompP5, ∆hap and ∆ompP5∆hap strains to RPMI 2650 human nasal (A,B),
and to Detroit 562 human nasopharyngeal epithelial cells (C,D).
P5 and Hap are involved in NTHi interplay with 
RPMI 2650 and Detroit 562 epithelial cells 
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Fig. 2. (A) Schematic representation of P5 and Hap domains and structure. We employed NTHi375 to generate the mutant strains NTHi375∆ompP5, NTHi375∆hap and NTHi375∆ompP5∆hap. (B) hap and
ompP5 gene expression. ompP5 gene mutation reduces significantly hap expression. (C) Effect of P5 disruption on NTHi binding to CEACAM-1, assessed by infection of HeLa-BGP (stably transfected HeLa cell
line expressing hCEACAM1-4L receptor) and HeLa control epithelial cells. NTHi375 (WT), ∆ompP5 and ∆ompP5∆hap strains were used to infect cells for 30 min. (D) Biofilm formation under continuous-flow
conditions, in microfermenters. Panel D shows OD600nm of bacterial suspensions detached from glass slides for strains NTHi375 (WT),∆ompP5, ∆hap and ∆ompP5∆hap.
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Fig. 4. Adhesion (A and C) and invasion (B and D) of NTHi375 (WT), ∆ompP5, ∆hap and ∆ompP5∆hap strains
to H-292 human bronchial epithelial cells (A, B), and to A549 human type II pneumocytes (C, D). (E) IL-8
secretion by A549 cells triggered by NTHi375 (WT), ∆ompP5, ∆hap and ∆ompP5∆hap strains, measured at 6 h
post-infection.
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Fig. 6. NTHi375, ∆ompP5, ∆hap and ∆ompP5∆hap strains were used
to infect MH-S murine alveolar macrophages for 1 h to test adhesion
(A). For phagocytosis (B), cells were infected for 1 h, and then
incubated with medium containing gentamicin 300 µg/ml for 1 h. (C)
TNF-α secretion by MH-S cells at 3, 4 and 7 h post-infection with
NTHi375, ∆ompP5, ∆hap and ∆ompP5∆hap strains.
P5 plays a relevant role in NTHi interplay with 
MH-S alveolar macrophages
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Fig. 8. Bacterial loads recovered from the lungs of CD1 mice infected by NTHi. Mice were infected
intranasally with ~108 bacteria. Bacterial counts in lungs at 24 (A) or 48 h (B) post-infection.
P5 and Hap display opposite roles during NTHi mouse 
pulmonary infections
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Heterologous expression of Hap375 in Rd KW20 
increases bacterial adhesion to H-292, A549 and 
MH-S cells
Fig. 7. Adhesion of H. influenzae Rd KW20 (white), Rd KW20 (pSU20)
(grey), Rd KW20 (pSU20-Prhap::hap375-HA) (black) to H-292 (A), A549
(B) and MH-S (C) cells. Rd KW20 does not expresse hap due to a null
mutation. (D) Detection of Hap expression by western-blot.
pSU20-Prhap::hap375-HA: pSU20 vector where a C-terminus HA tagged
variant of hap gene from strain NTHi375, together with its putative
promoter region, was cloned.
Conclusions
P5, but not Hap, is involved in NTHi adhesion to and invasion of bronchial H-292 and 
alveolar A549 epithelial cells
P5 and Hap are not involved in α5 integrin-dependent 
NTHi A549 cell infection 
P5 is not a ligand for the eucaryotic
receptor CEACAM-1
P5 and Hap are not involved in NTHi
biofilm growth
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NTHi375 interplay with airway epithelial cells shows differences depending on the cell type.
P5 is involved in NTHi375 interplay with HeLa, nasal, nasopharyngeal, bronchial and alveolar epithelial cells and plays a
relevant role in NTHi375 adhesion and phagocytosis by alveolar macrophages, favouring NTHi375-triggered alveolar
macrophage inflammatory response at early infection time points. P5 from NTHi375 is not a ligand for CEACAM-1.
P5 and Hap are not involved in α5 integrin-dependent NTHi375 epithelial adhesion. NTHi375 A549 epithelial adhesion is
favored by host cell N-glycosylation, in a process independent of P5 and Hap.
Despite its limited role in NTHi375 interaction with airway cells, Hap375 favors bacterial adhesion, as shown by it`s
heterologous expression in H. influenzae Rd KW20 strain.
P5 is required for NTHi375 mouse lung infection. Conversely, hap deficiency does not impair NTHi pulmonary infection, and
partially restores the infection deficiency shown by the ∆ompP5 mutant strain.
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